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Comparison of density functionals for nitrogen impurities in ZnO
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Fakulta¨t fu¨r Physik and Center for Nanointegration (CENIDE),
Universita¨t Duisburg-Essen, Lotharstraße 1, 47057 Duisburg, Germany
Hybrid functionals and empirical correction schemes are compared to conventional semi-local den-
sity functional theory (DFT) calculations in order to assess the predictive power of these methods
concerning the formation energy and the charge transfer level of impurities in the wide-gap semicon-
ductor ZnO. While the generalized gradient approximation fails to describe the electronic structure
of the N impurity in ZnO correctly, methods that widen the band gap of ZnO by introducing ad-
ditional non-local potentials yield the formation energy and charge transfer level of the impurity in
reasonable agreement with hybrid functional calculations. Summarizing the results obtained with
different methods, we corroborate earlier findings that the formation of substitutional N impuri-
ties at the oxygen site in ZnO from N atoms is most likely slightly endothermic under oxygen-rich
preparation conditions, and introduces a deep level more than 1 eV above the valence band edge of
ZnO. Moreover, the comparison of methods elucidates subtle differences in the predicted electronic
structure, e.g. concerning the orientation of unoccupied orbitals in the crystal field and the stabil-
ity of the charged triplet state of the N impurity. Further experimental or theoretical analysis of
these features could provide useful tests for validating the performance of DFT methods in their
application to defects in wide-gap materials.
I. INTRODUCTION
The electronic properties of impurities in semiconduc-
tors are a topic of great interest both in basic science
and in technology. Ideally one would like to predict if
and how a given impurity atom can be incorporated into
a semiconductor, and whether it will be electronically ac-
tive as a donor or acceptor. The answers to these ques-
tions are provided by the formation energy of the impu-
rity (at least if sample preparation is close to thermody-
namic equilibrium), and by the so-called charge transfer
level, i.e., the position of the Fermi level in the electronic
band gap for which two charge states of the impurity are
equally probable thermodynamically. Hence, one would
like to have a theoretical method at hand that allows
one to accurately predict on the same footing the forma-
tion energy and the spin multiplicity of charged impurity
levels as well as the energetics of the charge transfer.
First-principles methods using density functional theory
(DFT) have brought us a big step further towards this
goal, in particular when charge transfer levels are derived
from total energy differences rather than from Kohn-
Sham levels, but they still fall short of providing a com-
plete and reliable description of the electronic properties.
The problem is exacerbated in wide-gap semiconductors
where conventional DFT methods often severely under-
estimate the band gap, and thus make the determination
of charge transfer levels unreliable. Here, we consider
as a particular example the nitrogen impurity in ZnO,
which has been studied thoroughly in experiment [1, 2]
and may serve as a reference system that illustrates the
typical difficulties encountered. Originally, N on the oxy-
gen site (NO) was thought to be a promising candidate for
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achieving p-type doping in ZnO [3], but there is growing
evidence at present that, in fact, it acts as a deep level.
This change of view was promoted both by experimental
evidence [1] and by calculations using hybrid functionals
[4, 5] and using Slater transition state method [6], which
yield a deep charge transfer level ε(0/−), in contrast to
more traditional DFT calculations within the general-
ized gradient approximation (GGA) that indicated a level
0.3–0.4 eV above the valence band [4, 6]. As shown in a
comparative study by A´goston and Albe [7], while hybrid
functionals seem to remedy many of the problems of con-
ventional DFT calculations of wide-gap semiconductors
(in particular, they give values of the band gap close to
the experimental ones), there are still open issues: One
question concerns the fraction of exact exchange to be
mixed in, taking into account that not only the position
of the charge transfer level, but also the formation en-
ergy of the impurity from atomic or molecular sources
should be reproduced correctly. Moreover, the use of
hybrid functionals is associated with considerable com-
putational costs, in particular when a plane-wave basis
set is used. Hence, computationally cheaper alternatives
are sought for. The oxygen-derived valence bands in ZnO
are in GGA too high in energy due to erroneously strong
hybridization with the Zn 3d levels. The first idea com-
ing to mind is a GGA+U correction [8, 9], which pushes
down the occupied Zn 3d-levels, in agreement with recent
photoemission studies [10]. In addition to the GGA+U
correction on the Zn 3d state, recently, a hole-state po-
tential of λhs(1 − ni,σ/nref) is introduced to correct the
O 2p and N 2p levels [11]. The reference occupation
nref is determined by the occupation of the p orbitals
of the of anion in the absence of holes. The correction
term λhs is selected in such a way as to be consistent
with Koopman’s theorem, i.e., one is trying to enforce
a linear relationship between the energetic position and
the filling factor of an atomic level after applying the
2Hubbard-U-type correction. Then, unoccupied p levels,
having an occupancy ni,σ smaller than nref , are pushed
upward. Yet another approach, also due to Lany, Rae-
biger and Zunger [12], aims at corrections of the band
edges of ZnO by applying an additional non-local ex-
ternal potential (NLEP) to the Zn 4s and 3d as well
as to the O 2p orbitals. In contrast to GGA+U and
hole-state potential methods, the corrections applied in
NLEP are independent of the occupation in the atomic
sub-level, i.e. they apply equally to occupied and unoc-
cupied states. In the present study, both the long-known
GGA+U as well as the NLEP approach are discussed
under the notion of ‘empirical correction schemes’, since
they allow the calculation of results in better agreement
with experiment at computational costs comparable to
plain GGA, at the price of introducing parameters that
are material-specific, but can be determined empirically
for each material under study.
II. COMPUTATIONAL DETAILS
We perform spin-polarized DFT calculations within
the GGA (PBE functional [13]), the generalized Kohn-
Sham scheme (HSE and PBE0 functionals [14]), and
various empirical correction schemes (GGA+U [9]
and NLEP [12] methods) using the software package
vasp [15–18]. A supercell of 3 × 3 × 2 ZnO elementary
unit cells (Zn36O36) is selected for the host material, and
a Monkhorst-Pack k-point mesh of 2×2×2 is used for the
integration over the Brillouin zone of the supercell. This
supercell, for which the computational demand is still
manageable, also serves us as a benchmark to compare
the performance of different density functionals. To test
the dependence of the defect properties on the supercell
size, we also use 4× 4× 3 and 6× 6× 4 ZnO elementary
unit cells (Zn96O96 and Zn288O288) for selected methods.
For the GGA and the empirical correction methods, the
wave functions are expanded in the plane wave basis set
up to a kinetic energy of 400 eV. For hybrid functionals,
the cut-off energy is reduced to 300 eV for speeding up
the computations. Even with this reduced basis set, the
computer time consumed by the hybrid functional cal-
culations is several hundred times bigger than the time
used for the conventional GGA calculations.
The calculations are carried out with a number of dif-
ferent methods, labelled M-1 to M-9 in the following. The
parameters applied for each calculation method are listed
in Table I. The GGA calculation (M-1) uses no additional
parameters apart from those specified in the definition of
the functional [13]. In addition to the widely used GGA-
PBE, we have employed hybrid functionals with screened
Fock exchange (M-2 and M-3) and without such screen-
ing (M-4) for a better description of the electronic band
gap. In the screened hybrid calculations, two values for
the mixing-in of the Fock term are chosen. The method
M-2 uses the originally suggested amount of exact ex-
change (25%) [14], and M-3 uses 36%, bringing the band
gap of pure ZnO into better agreement with experiment.
As indicated by Burke [19], the M-3 can be also consid-
ered an empirical scheme, because of the material specific
adjustment for a better agreement with the experimen-
tal band gap. While the lattice parameters of the su-
percell and the internal coordinates of the atoms have
been optimized in the calculations in general, we have
tested separately the effect of internal relaxations and
of the supercell size in the case of the GGA+U scheme.
This is of interest because many researchers choose to ap-
ply the GGA+U method as a correction scheme merely
applied to the electronic structure on top of a geome-
try calculated by another scheme or adopted from ex-
periment. The GGA+U calculations are performed with
three parameter sets (M-5, M-6 and M-7). The M-5 and
M-6 calculations commonly use the PBE lattice constant
a = aPBE with fixed atoms at the PBE configuration (M-
5) or fully relaxed atoms (M-6). For M-7, we optimized
both the lattice constant and the atomic positions. In
the NLEP calculations, the parameters from Ref. 12 are
employed. Since NLEP applies a non-local correction to
the O 2p orbitals, the question arises if such a correc-
tion should also be applied to the N 2p orbitals. We test
both possibilities: In M-8, no corrections are made to the
N atom potential, while in M-9 the same corrections as
applied to the O atom are also made to N atom potential.
The formation energy of a charged N impurity in ZnO
is evaluated using the expression
Ef [q, εF] = Etot−Ehost−
∑
i
δiµi+q(εF+Ev)+Ecorr. (1)
where the Fermi level εF is considered to be a variable.
Etot und Ehost represent the DFT total energy (rela-
tive to isolated atoms) with and without the N impu-
rity in the cell, respectively. The method of a homoge-
neous background charge is used to model charge states
of the N impurity within the supercell approach. δi and
µi are the change of the number of atoms in the cell and
the corresponding chemical potential for species i. In
thermodynamic equilibrium with bulk ZnO, one of the
chemical potentials can be eliminated using the relation
µZnO = µZn + µO ≈ −E
coh
ZnO at zero temperature, where
EcohZnO is the cohesive energy of ZnO per formula unit. The
remaining variable µO is fixed by the growth conditions:
Under oxygen-rich processing, the chemical potential of
oxygen is determined by the binding energy of the gas-
phase oxygen molecule, µO = −
1
2
EO2 and under oxygen-
poor conditions, it is determined by the equilibrium of
ZnO with metallic zinc, µO = −E
coh
ZnO + E
coh
Zn . For the
nitrogen chemical potential, we choose half the energy of
an N2 molecule or the energy of atomic N for N-poor and
N-rich conditions, respectively. Ev is the energy of the
top of the valence band, as determined from the perfect,
undoped ZnO supercell calculation. Furthermore, the
Ecorr. = q∆V + αMdq
2/2ǫL term [20] is introduced to
correct the spurious interaction between periodic images
of charged impurities in the supercell approach, with the
Madelung constant αMd, the dielectric constant ǫ and
3method functional a coordinates parameters
M-1 PBE optimized relaxed standard parameterization, see Ref. 13
M-2 HSE optimized relaxed amount of exact exchange α = 0.25, cutoff radius r = 0.3 A˚−1
M-3 HSE optimized relaxed amount of exact exchange α = 0.36, cutoff radius r = 0.2 A˚−1
M-4 PBE0 optimized relaxed amount of exact exchange α = 0.25, cutoff radius r = 0.0 A˚−1
M-5 GGA+U aPBE fixed U − J = 9.0 eV on Zn d-orbital
M-6 GGA+U aPBE relaxed U − J = 9.0 eV on Zn d-orbital
M-7 GGA+U optimized relaxed U − J = 9.0 eV on Zn d-orbital
M-8 NLEP optimized relaxed parameters from Ref. 12 on Zn spd- and O sp-orbitals
M-9 NLEP optimized relaxed M-8 + same parameters applied on N sp-orbitals as on O sp-orbitals
TABLE I: Details of the employed methods. aPBE is the lattice constant optimized with the PBE functional.
the distance to the next-neighboring periodic image L,
as described in Ref. 21.
In the following sections, we need a common reference
for energy levels obtained with different methods, e.g.
when comparing charge transfer levels or the density of
states (DOS). This requires some caution as discussed by
Alkauskas, Broqvist and Pasquarello [22, 23]. While the
energy zero for the Kohn-Sham levels may vary in the
plane-wave method from one calculation to another, it
is nonetheless possible to align the energy axis of differ-
ent calculations (performed with the same functional) by
comparing the electrostatic potential in the core region of
equivalent atoms. Moreover, by referring all energy levels
to the vacuum level, it is even possible to plot the DOS
of different methods on a common energy scale. With
this aim, we determine for each method the position of
the vacuum level from the calculated work function of a
ZnO(101¯0) slab consisting of 12 atomic layers. For this
slab thickness, it is assured that the valence states of
the inner layers are converged to the bulk valence state,
making it possible to transfer the calculated position of
the vacuum level to the corresponding 3D supercell with
the impurity. For the calculations with the hybrid func-
tionals and the GGA+U method (except M-7), the fixed
atomic configuration of the PBE calculation is used for
constructing the slab with the corresponding lattice con-
stants. In case of the GGA+U methods, the reason for
working with a fixed geometry is the observation that
adding the +U term strongly affects the lattice parame-
ters, and in case of a slab allowing for atomic relaxation
would lead to an unnatural contraction of the slab along
the surface normal. To avoid such artifacts we neglect the
relaxation in the calculations M-5 and M-6. In case of the
hybrid functional calculations, the purpose of neglecting
relaxations in the slab was simply to save computation
time. For the other methods, the slab is fully relaxed
with the corresponding lattice parameters.
III. RESULTS
A. Formation energies
We start with the determination of the most stable
lattice site at which the nitrogen impurity will be incor-
parated in ZnO. To this end, we calculate and compare
the formation energy of the neutral N impurity at the
O lattice site (NO), at the Zn lattice site (NZn) and at
the interstitial site (Ni) using the method M-1 and the
Zn36O36 cell. Figure 1 shows the formation energies of
NO, NZn and Ni as a function of the oxygen chemical
potential µO. We observe that the NO impurity is the
most stable species under the usual growth conditions of
high oxygen pressure. This is different from the carbon
impurity in ZnO, where CZn was found to be more sta-
ble than CO under almost all conditions [21]. In chem-
ical language, this finding indicates that the carbonate
(CO2−3 ) structure formed in case of CZn is much more
efficient in lowering the formation energy of CZn than
the nitrate-like NO−3 structure formed in NZn. More-
over, we find that the Ni impurity has a larger formation
energy than NO over the whole µO range. The relative
stability of the different impurity types remains the same
when the hybrid functional M-2 is used. This knowl-
edge about the most stable incorporation site provides
the justification for the experimentalists’ assignment of
their observed deep charge transfer level ε(0/−) to the
NO impurity. Therefore, we focus on the NO impurity for
the comparison of the various functionals and proposed
correction schemes.
The properties of the ZnO host material and the NO
impurity obtained with various methods are listed in Ta-
ble II. The neutral NO impurity is spin-polarized with a
magnetic moment of 1 µB. Most notably, it is found that
the substitution of oxygen by a nitrogen atom from an
atomic N source is exothermic in the PBE and GGA+U
method, while it is calculated to be endothermic when
using hybrid functionals or NLEP. The differences be-
tween the GGA+U schemes with and without geometry
optimization are relatively small compared to the overall
variation of the results. Inclusion of internal relaxations
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FIG. 1: Formation energy of N impurities in ZnO calculated
using the PBE functional as function of the oxygen chemical
potential.
has very little effect (see M-5 and M-6). The optimiza-
tion of the supercell volume in GGA+U (M-7) worsens
the agreement of the lattice parameter with experiment,
but leads to a larger, and hence more realistic, band gap.
Using an increased amount of exact exchange (M-3) re-
sults in a strong increase of the formation energy, i.e., it
makes the defect formation even more endothermic. The
issue of screening the Fock exchange seems to be less
important, since the formation energy calculated with
M-4 is just ∼0.2 eV larger than the M-2 value when the
same mixing parameter α = 0.25 is used. When the N2
molecule is used as reference for µN, a somewhat differ-
ent picture evolves. In the N-poor limit the NO impurity
formation is always strongly endothermic, i.e., the forma-
tion energy is positive (column 9 in Table II). Compared
to the formation energy of 4.55 eV in PBE (M-1), the
formation energy of the neutral NO impurity is around
one eV larger in hybrid functionals and in NLEP. In the
GGA+U method, a modest increase of 0.6 eV with re-
spect to PBE is noticed. The variation of the formation
energy among the different methods is less drastic in the
N-poor case as compared to the N-rich case.
This raises the question whether the variation of the
formation energy among the different methods is due
to a different description of bonding in the solid, or
merely due to a different description of bonding in the
molecules used to define the chemical potentials. In
order to trace the causes for the differences in forma-
tion energy, we decompose it into two contributions,
Ef = ∆E − ∆µ, motivated by the three leading terms
in Eq. 1. (Note that the last two terms in Eq. 1
vanish for a neutral impurity). The first contribution,
∆E = Etot − E
atom
N − (Ehost − E
atom
O ), arises due to the
difference in bond strength between the O and the N
atom to its neighbors in the crystal. The second one,
∆µ = µN −E
atom
N − (µO −E
atom
O ), is due to the different
levels of description of the molecular O2 bond that ap-
pears in the thermodynamic reservoir term in the N-rich
limit. The energies of atomic O and N (EatomO and E
atom
N )
are introduced to define a common reference in both the
crystal and the molecules. In the formation energy Ef ,
the atomic energies appearing in ∆E and ∆µ cancel out.
As can be seen from Table II, ∆E is of the order of
2.9 eV to 3.5 eV for most of the methods studied (M-2,
M-4, M-5, M-6, M-6). The PBE functional (M-1) yields
the smallest ∆E, while ∆E is largest in the methods M-3
(HSE), M-8 and M-9 (NLEP). We note that ∆E, which
is independent of thermodynamic reservoirs and can be
seen as a descriptor for the difference in bond strengths
of O and N atoms to Zn atoms, follows the same trend
as the value of the band gap Eg. Thus, the methods that
underestimate the band gap also tend to underestimate
differences in chemical bonding.
Next, we consider ∆µ. Since this quantity reflects the
bond strength in the O2 molecule (N-rich limit), or the
difference in bond strength of the O2 and the N2 molecule
(N-poor limit), it can be compared to experimental data.
In the N-rich case, the hybrid functionals (M-2, M-3
and M-4) give the most accurate estimate of the bond
strength. The PBE (M-1), and likewise the empirical cor-
rection schemes, tend to overestimate the bond strength
of O2 which leads to a less accurate description of the
thermodynamic reservoir. Also in the N-poor case, the
hybrid functionals M-2 and M-4 provide good estimates
of ∆µ, i.e. both the O2 and N2 bond strengths are well
described. The PBE (and, identically, GGA+U) results
come closest to the experimental value of ∆µ, because the
overestimated O2 bond strength is compensated by the
likewise overestimated N2 bond strength. We note also
that mixing in a larger amount of exact exchange (M-3)
results in a drastically underestimated N2 bond strength.
The NLEP method results in large deviations of ∆µ from
its experimental value, but the absolute magnitude of the
deviation is somewhat smaller after corrections to the en-
ergetic position not only of the O orbitals (M-8), but also
of the N orbitals (M-9) have been introduced.
Combining the results for ∆E and ∆µ, we conclude
that the smaller variation of the formation energy among
the different methods in the N-poor limit is due to a par-
tial compensation between the ∆E term and the ∆µ term
entering into the formation energy when the molecular N2
bond is taken into account: In M-3, for example, both
Zn-N and N2 bonds are estimated to be weaker than in
the other methods. We note that only the hybrid calcu-
lations of M-2 and M-4 predict the reference energy of
the thermodynamic reservoirs within 0.2 eV of the ex-
perimental values, and these methods yield a stronger
Zn–O bond compared to Zn–N than conventional GGA.
We therefore suppose that M-2 and M-4 give the most re-
liable estimates of Ef in both the N-rich and the N-poor
limit. The NLEP method (M-8) comes close to these
results, but including an additional correction to the en-
ergy of the N orbitals (M-9) apparently does not give an
improved description of Ef .
5Vcell Eg ǫ ∆E N-rich (eV) N-poor (eV) ε(0/−) (eV) ε(0/−)/Eg
method functional (A˚3) (eV) Ef [0, εF] ∆µ Ef [0, εF] ∆µ w/ Ecorr. w/o Ecorr.
M-1 PBE 48.27 0.77 10.28 2.39 −0.64 3.04 4.55 −2.15 0.46 0.34 0.60
M-2 HSE 47.02 2.29 7.21a 3.34 0.69 2.65 5.42 −2.08 0.97 0.83 0.42
M-3 HSE 46.53 3.37 – 5.38 2.73 2.65 5.90 −0.52 1.46 1.32 0.43
M-4 PBE0 46.86 3.18 – 3.52 0.88 2.64 5.60 −2.07 1.23 ε(+/−) 0.42
M-5 GGA+U 48.27 1.78 10.73 2.95 −0.09 3.04 5.10 −2.15 0.72 0.62 0.40
M-6 GGA+U 48.27 1.78 10.73 2.92 −0.12 3.04 5.07 −2.15 0.73 0.63 0.41
M-7 GGA+U 42.86 2.20 8.72 3.00 −0.03 3.04 5.16 −2.15 0.80 0.67 0.36
M-8 NLEP 43.49 3.30 6.09 4.46 0.54 3.92 5.73 −1.27 1.13 0.95 0.34
M-9 NLEP 43.49 3.30 6.09 4.10 0.18 3.92 6.89 −2.79 1.12 0.93 0.34
Exp. 47.61 3.44 8.91b n.a. n.a. 2.58c n.a. −2.31c 1.1 – 1.3d 0.35
aRef. 24
bRef. 25
cRef. 26
dRef. 1, 27
TABLE II: Crystal properties (unit cell volume Vcell, band gap Eg, and dielectric constant ǫ) of ZnO, formation energy of the
neutral NO impurity, and charge ε(0/−) level using various methods. The formation energy is calculated under oxygen-rich
conditions, as described in the text. The details of the methods are found in Table I. The last row contains experimental data;
n.a. stands for ‘not available’.
B. Orbital structure of the NO impurity
Before discussing the charged states of the NO impu-
rity, we first analyze the orbital character of the defect
states introduced in the band gap of ZnO. The density
of states (DOS) plots for the neutral NO impurity ob-
tained from the various methods are presented in Figs. 2
and 3. Since nitrogen has one electron less than oxy-
gen, the NO impurity in ZnO misses one electron in the
2p shell. In the wurtzite crystal symmetry, the degen-
eracy of the 2p orbitals of N is split into 2pz (along the
c-direction) and 2px,y (in the ab-plane). The 2px,y or-
bitals of N will hybridize with the 2s orbital to form
sp2 hybrids pointing toward the nearest Zn neighbors in
the hexagonal ab-plane, whereas the 2pz orbital is ori-
ented toward the nearest Zn atom along the c-axis. The
missing electron leads to one unoccupied N orbital, ei-
ther 2px,y or 2pz. Differences in the orbital occupancies
among the methods arise due to the different energetic
positions of the defect orbitals with respect to the host
valence band, as well as due to the different magnitude of
the exchange splitting. As discussed by Lany and Zunger
[11], a Zn96O96 (or larger) supercell is needed to obtain
the correct orbital occupancy in agreement with the elec-
tron paramagnetic resonance (EPR) characterization of
N-doped ZnO [28]. The pertinent results are shown in the
right column of Fig. 2. In the GGA+U (M-6), NLEP (M-
8) and HSE (M-3) calculations, the unoccupied orbital
points along the c-axis (cf. the isosurfaces in Fig. 2), in
agreement with experiment. This is also reflected in the
Jahn-Teller splitting, which leads to a longer N–Zn bond
in c-direction than in the ab-plane (see Table III, rows 6
and 7). Our results agree well with the B3LYP hybrid
functional calculations by Gallino et al. [5, 29] who used
large 108 and 192 atom supercells. We expect the meth-
ods M-3 and M-4 to show the same behavior. However,
in the PBE functional (M-1) calculations, as shown in
Fig. 2 and Table III, no Jahn-Teller splitting is obtained,
and the 2px,y and 2pz impurity orbitals come to lie in
energetically overlapping regions, due to the overestima-
tion of their hybridization with the valence band. Thus,
PBE fails to correctly describe the orbital structure of
the N impurity as shown in Fig. 2.
In order to reduce the computational cost, one would
like to work with an as small as possible supercell. In the
Zn36O36 cell, the formation energy of the neutral NO im-
purity is already converged to better than 0.1 eV, as can
be seen from Table III. However, in this smaller cell, the
occupancy of the impurity orbitals disagrees with the ex-
perimental findings for all functionals used in our study:
The electron is missing in the ab-plane, while the 2pz
orbital is fully occupied. In this small cell, the spin-
minority sp2 orbitals form impurity bands due to the
interaction with their periodic images (double-peak fea-
ture labelled px,y in the plots in Fig. 2, left column).
The orbital occupancy also affects the magnitude of the
exchange splitting: When the 2pz orbital is unoccupied,
i.e. in the calculations using the Zn96O96 cell, a large ex-
change splitting between the spatially well-localized 2pz
orbitals of the majority and minority spin electrons is
observed. However, in the smaller Zn36O36 cell, the par-
tially occupied px,y orbitals experience only a smaller
exchange splitting, because they are part of extended
bands in the ab-plane. The comparison of the different
methods (see Figs. 2 and 3) reveals that the hybrid func-
tional calculations (M-2, M-3, and M-4) generally lead
6to a stronger exchange splitting than the PBE functional
(M-1) and the empirical correction schemes (M-6 and M-
8).
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FIG. 2: Orbital-projected density of states of a neutral NO
impurity in ZnO, calculated in the Zn36O35N supercell (left
column) and in the Zn96O95N supercell (right column). Ver-
tical dashed and solid lines indicate the band gap of the host
material and the Fermi level εF of the system, respectively.
The energy is expressed with respect to the corresponding
vacuum level in each method. The charge densities of the N
impurity in the 4× 4× 3 supercell (Zn96O95N) are presented
using the M-1 (PBE) and the M-6 (+U) methods. The green
and white isosurfaces represent the charges of occupied and
unoccupied states at 0.3e, respectively. The charge of oc-
cupied states is integrated from Ev to εF and the charge of
unoccupied states is integrated from εF to Ec. The arrows
show the c-direction of the cell.
C. Charge transfer levels
In the following, we discuss the charge states of the NO
impurity. The charge transfer levels are calculated from
the total energies, i.e., by determining the value of the
Fermi energy εF for which the formation energies of two
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FIG. 3: Orbital-projected density of states of the neutral NO
impurity calculated in the ZnO (Zn36O35N) supercell using
hybrid density functionals.
different charge states in Eq. 1 become equal. In partic-
ular, the position of the acceptor level is determined by
the formation energies of the neutral and the negatively
charged impurity. First, we consider the neutral impu-
rity. In this case, the correction term Ecorr. is zero, as
discussed above. As listed in Table III, the formation en-
ergy of the neutral impurity changes by less than 10 meV
when going from the Zn96O96 cell to the Zn288O288 cell
in case of the GGA+U (M-6) and NLEP (M-8) calcula-
tions. Thus, it is well converged. In the PBE (M-1), the
energy converges somewhat slower with the cell size than
in the other two methods. For the negatively charged im-
purity, even the large Zn288O288 supercell is not sufficient
to reach the same level of convergence of the formation
energy as for the neutral impurity. This is due to the
spurious long-range interaction of the charged impurity
with its periodic images. In order to improve the conver-
gence with cell size, we employ a correction term which
is meant to compensate for the Madelung energy of a lat-
tice of point charges in a dielectric medium [20], as was
used already in Ref. 21. As seen from Table II, apply-
ing such a correction term Ecorr. places the acceptor level
ε(0/−) around 0.1 eV deeper in the gap in all methods.
We note that the magnitude of the correction correlates
with the band gap Eg. This is because the correction
term comprises the method-specific dielectric constant ǫ,
which is inversely correlated with the magnitude of the
band gap. Interestingly, in the PBE0 (M-4) calculation,
the neutral state would be unstable if the Ecorr. term
were neglected; and a direct change from the positive to
the negative state would be observed (denoted as +/−
in Table II). The convergence of the charge transfer lev-
els with the cell size is summarized in Table III. In the
GGA+U (M-6) and NLEP (M-8) method, the value of
ε(0/−) obtained from the small Zn36O36 cell is found to
be in better agreement with the value obtained from the
Zn288O288 cell after applying the correction. Thus, the
correction term is useful as it enables us to estimate the
acceptor level already from a relatively small cell. For
the PBE method (M-1), for which the defect states are
unrealistically extended in space, the correction methods
appears to be inapplicable.
7ZnnOn−1N PBE (M-1) GGA+U (M-6) NLEP (M-8)
number of Zn-O units n 36 96 288 36 96 288 36 96 288
Ef [q = 0, εF = Ev] (eV) −0.64 −0.59 −0.57 −0.12 −0.15 −0.16 0.54 0.48 0.48
Ef [q = −1, εF = Ev] without Ecorr. (eV) −0.30 −0.27 −0.25 0.51 0.55 0.58 1.49 1.54 1.64
Ef [q = −1, εF = Ev] with Ecorr. (eV) −0.19 −0.15 −0.19 0.61 0.59 0.63 1.67 1.64 1.73
ε(0/−) without Ecorr. (eV) 0.34 0.32 0.32 0.63 0.69 0.73 0.95 1.07 1.15
ε(0/−) with Ecorr. (eV) 0.46 0.44 0.38 0.73 0.74 0.78 1.13 1.16 1.25
dN−Zn in ab-plane (A˚) 1.95 1.95 1.95 1.98 1.96 1.96 1.97 1.96 1.97
dN−Zn in c-axis (A˚) 1.94 1.94 1.94 1.95 2.16 2.16 1.97 2.01 2.01
TABLE III: The properties of the NO impurity in Zn36O36, Zn96O96, and Zn288O288 supercells.
For a systematic overview of the charge transfer lev-
els as obtained from the different methods, we employ
the Zn36O36 cell. In Fig. 4, the ε(0/−) and ε(+/0) lev-
els obtained from the various functionals and correction
schemes are displayed. The values of ε(0/−) listed in Ta-
ble II quote the charge transfer level with respect to the
valence band edge Ev, as obtained within each method.
Thus, one needs a consistent scheme to compare energy
levels obtained from different methods. Two approaches
are mostly used in the literature: In Fig. 4a, the vac-
uum levels as obtained from each method are aligned,
as described in Section II. As a simpler alternative, in
Fig. 4b the band edges in each method are taken directly
from the calculated (generalized, in case of M-2, M-3,
and M-4) Kohn-Sham energy levels without any further
alignment. Using the first, more elaborate approach, we
notice that the charge transfer levels ε(0/−) in methods
M-1 to M-7 are not as different as one might have ex-
pected; they all fall into an energy interval of 0.45 eV
[23]. This energy interval is somewhat larger (0.68 eV) if
the simpler approach is used. The NLEP method (M-8
and M-9) must be considered separately, as it attempts
to correct the band gap only, but not the positions of
the valence band edge. We note that the energetic posi-
tion of the valence band (VB) and conduction band (CB)
edges display much stronger variations from one method
to the other than the charge transfer levels. This is be-
cause the charge transfer levels have been determined
from DFT total energies that are less susceptible to the
self-interaction error in DFT, whereas the band edges are
taken from (possibly re-aligned) Kohn-Sham eigenvalues.
Different from the total energy, the latter are not varia-
tional with respect to the charge density, and are sensi-
tive to the specific division between kinetic and potential
energy of the electrons inherent to each method.
While the absolute value of the acceptor level varies
considerably from method to method, the relative posi-
tion within the band gap is rather similar (cf. Table II).
Due to the difficulty in determining band edges in DFT,
the ε(0/−) charge transfer level erroneously appears as
a level close to the valence band edge in PBE (M-1),
only about 0.4 eV above the VB edge, whereas all other
methods indicate ε(0/−) to be a deep level. The high-
est absolute value of 1.46 eV is obtained using HSE with
a value of α = 0.36 (M-3), in agreement with a previ-
ous HSE calculation [4]. From the other methods tested,
only PBE0 (M-4) and NLEP (M-8 and M-9) arrive at
a value larger than 1 eV. The variants of the GGA+U
method (M-5, M-6 and M-7) give the correct trend, i.e.
a deeper charge transfer level than in plain GGA, but in
these methods the VB edge is still too high, and thus
the charge transfer level appears too close to the VB
edge. For comparison with experiment, the measured
threshold for photoluminescence excitation of 2.4 eV [1]
or 2.22 eV [27] should be used to determine the position
of ε(0/−) relative to the CB edge. Allowing for a correc-
tion of ∼ 0.3 eV for relaxation effects (see Ref. 4), one
arrives at an estimate of 1.1 – 1.3 eV for the position of
ε(0/−) relative to the VB edge. In our judgement, the
best agreement with the experimental results is obtained
with the PBE0 functional (M-4), with the computation-
ally much more affordable NLEP method (M-8) yielding
results of comparable quality.
It is interesting to observe that, apart from PBE, all
methods also find the ε(+/0) charge transfer level in ad-
dition to ε(0/−). Moreover, in the hybrid functionals
(M-2, M-3 and M-4), the energy range where the neu-
tral NO is stable turns out to be very limited. This
range is smallest in PBE0 (M-4), i.e., for an admixture
of unscreened Fock exchange, and becomes larger in the
HSE functionals where Fock exchange is screened, grow-
ing with decreasing value of the mixing parameter α. In
contrast, the GGA+U and the NLEP methods place the
ε(+/0) charge transfer level close to the VB edge. The
positively charged NO impurity, which lacks two electrons
compared to the closed-shell O2− ion, is found to be a
spin triplet, in accordance with Hund’s rule, in all these
methods. We note that a triplet state has been observed
in N-doped samples e.g. in the green emission at 2.5 eV
in optically detected magnetic resonance [28].
From a practical perspective, the energetic position of
the ε(+/0) charge transfer level is important for assessing
the role of NO impurities in samples where p-type dop-
ing has been achieved in some other way (e.g., by NZnVO
complexes, see Ref. 30): If the Fermi energy is brought
below the ε(+/0) level, this level will act as a ‘hole trap’,
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FIG. 4: ε(+/0) and ε(0/−) charge transfer levels of the NO
impurity in ZnO. The band edges are given with respect to
the vacuum level in a), and are taken directly the from (gen-
eralised) Kohn-Sham levels in b).
i.e. it will reduce the number of holes in the VB that
can be delivered by ionization of any shallow acceptors.
Thus, in particular if the hybrid functionals predicted
the ε(+/0) correctly, NO not only would be inoperative
as an acceptor, but would even compensate other accep-
tors to be introduced into ZnO. However, we consider
it more likely that the ε(+/0) level is actually located
rather close to the VB edge, as a recent experiment de-
tected several candidates for donor-like hole traps below
Ev+0.5eV by optically excited minority carrier transient
spectroscopy [31]. The admixture of exact exchange in
hybrid functionals may well overestimate the stability of
high-spin states such as the N+O triplet in comparison to
experiment.
IV. CONCLUSIONS
We have presented a comparative study of the perfor-
mance of density functionals applied to the N impurity
in ZnO. The standard GGA functional has difficulties in
reproducing the experimental findings of a deep ε(0/−)
charge transfer level and of the c-orientation of the neu-
tral N impurity orbital, because of the severely underes-
timated band gap. For a good estimate of both the for-
mation energy and the acceptor level of NO, hybrid func-
tionals are the best choice. In particular, PBE0 performs
well in all respects, while using HSE with a large (> 25%)
amount of exact exchange raises the formation energy to
values that appear too large. Exploring the computation-
ally inexpensive empirical correction schemes GGA+U
and NLEP, we noticed that these schemes, in particular
NLEP, already improve many properties of the N impu-
rity in the ZnO semiconductor, e.g. they yield a larger
band gap, a deeper ε(0/−) charge transfer level, and
the correct orientation of the neutral N impurity orbital.
However, there are also notable differences between the
empirical schemes and the hybrid functional calculations,
e.g. the absolute positions of energy levels with respect
to vacuum. Moreover, the N+O spin triplet is predicted
much deeper inside the band gap by the hybrid function-
als. Experimental identification of this level could pro-
vide an interesting additional test for our present under-
standing of the electronic structure of defects in wide-gap
semiconductors.
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